In some astrophysical systems the ionized gas may be of such high temperature and so strongly magnetized that relativistic effects and pressure anisotropy must be considered in the magnetohydrodynamic (MHD) model. This paper gives an overview of the characteristics of linear MHD waves and instabilities in homogeneous ultrarelativistic plasmas with gyrotropic pressure. The energy closure is the double-polytropic laws with two polytropic exponents, k and ? , and for the adiabatic and monatomic cases, the polytropic values (k, ? ) are respectively (3, 2) and (2, 1.5) for nonrelativistic and ultrarelativistic plasmas. In this formulation, the general dispersion relations can conveniently be reduced to isotropic and/or nonrelativistic limits. Slow waves are found to exhibit some anomalies due to the pressure anisotropy in that they may possess a positive density-magnetic field correlation such as for fast waves and may possibly travel faster than intermediate waves. They may also develop a mirror instability, as well as a new type of compressible fire-hose instability that for a certain parameter regime may grow faster than the standard incompressible fire hose. Both the fire-hose and mirror instability criteria are found to have the same forms of k À ? > 2 and k k < 2 ? =(2 þ ? ? ), respectively, as for nonrelativistic plasma, although the growth rates may be significantly modified by the relativistic effect.
INTRODUCTION
Magnetohydrodynamic (MHD) theory has wide applications in space and astrophysical plasma systems. For the heliospheric environment, in situ measurement of particle distribution may give rise to macroscopic quantities such as plasma density, flow velocity, and thermal pressure. Satellite observations have revealed that in the low-( 2 0 p=B 2 ) region, such as the Earth's outer magnetosphere, the plasma thermal pressure often displays a gyrotropic form of p ¼ p k bb þ p ? (IÀ bb), a property of collisionless plasma in a strong magnetic field (Chew et al. 1956, hereafter CGL) , where b ¼ B=B and p k and p ? are the pressure components parallel and perpendicular to the magnetic field, respectively. Significant pressure anisotropy is found in the Sun and may be associated with the coronal heating (Lee & Wu 2000) . Such a property is also expected to occur in certain astrophysical systems, such as a pulsar magnetosphere, where a large pressure anisotropy of p k > p ? (referred to as a fire-hose pressure anisotropy) may develop as a consequence of perpendicular energy loss through synchrotron radiation (Sen Gupta 1970; Asseo & Beaufils 1983) . Many explosive astronomical phenomena such as galactic and extragalactic jets and gamma-ray bursts are associated with not only very intense magnetic fields but also high-temperature ionized gas. In this extreme situation, the thermal velocities of particles may be so close to the speed of light that relativistic effects must be considered. Relativity also enters into fluid models when the flow velocity approaches the speed of light, such as for the stellar wind.
The framework of relativistic MHD equations was formulated by Lichnerowicz (1967) and extended to include the pressure anisotropy by Cissoko (1975) , who proposed an energy closure similar to the double-adiabatic laws (CGL), d( p ? =B)=dt ¼ 0 and d( p k B 2 = 3 )=dt ¼ 0, for nonrelativistic plasma in a strong magnetic field. The relativistic anisotropic MHD ( RAM ) model was then applied to obtain the solutions for a pulsar wind, with the special limit of p k 6 ¼ 0 and p ? ' 0 (Asseo & Beaufils 1983) . In both studies of RAM, the relativistic effect is due to the bulk flow, not the thermal velocity, of the particles. The energy laws for RAM in high-temperature plasmas were recently addressed in several papers (Holm & Kupershmidt 1986; Gedalin 1991; Tsikarishvili et al. 1992; Tsikarishvili & Rogava 1994; Hazeltine & Mahajan 2002) . In particular, by taking the moments of the relativistic Vlasov equation, Tsikarishvili et al. (1992) derived a closed set of energy equations for ultrarelativistic plasmas [kT 3mc 2 , d( p ? =B 0:5 )=dt ¼ 0, and d( p k B= 2 )=dt ¼ 0] that are significantly different from the original CGL laws and can be referred to as ultrarelativistic CGL. This new formulation was then applied to construct the solutions for a relativistic hot stellar wind with anisotropic pressure (Tsikarishvili & Rogava 1995) .
The CGL laws have been tested for the Earth's magnetosphere and are found to be severely violated, while the doublepolytropic laws of with suitable polytropic exponents k and ? , representing the thermodynamics of collisionless plasmas empirically, provide a rather viable closure to the system . It can be shown from Vlasov theory that both heat fluxes and imperfect conducting effects may render the double-adiabatic laws invalid (Hau 2002) . In light of the restrictions on the CGL laws, recently Hazeltine & Mahajan (2002) attempted to derive more general energy laws for relativistic gyrotropic plasmas based on kinetic theory. However, no explicit simple closure relation was derived for general cases that could incorporate nonideal MHD and heat flux effects. As pointed out recently by Hau (2002) , the single-or double-polytropic energy laws may incorporate both nonrelativistic and ultrarelativistic limits through different relations for the ratio of specific heats, g, and the particles' degrees of freedom, f. These relations can also be generalized to the cases of nonmonatomic gas, although the original nonrelativistic and ultrarelativistic CGL laws are derived for monatomic plasmas. Moreover, the doublepolytropic laws with suitable polytropic exponents may represent more general thermodynamic states, such as an isothermal condition other than the adiabatic case; in particular, for parallel motion the isothermal condition is usually more suitable than the adiabatic assumption.
One fundamental application of RAM is for linear waves propagating in homogeneous gyrotropic plasmas. The linear MHD wave dispersion relations were derived by Gedalin (1993) and Tsikarishvili & Rogava (1994) , respectively, for relativistic and ultrarelativistic anisotropic plasmas, but the instability conditions were not obtained. Gebretsadkan & Kalra (2002) further examined the characteristics of linear MHD waves and instabilities based on a formulation similar to that of Gedalin, i.e., the energy equations are basically the CGL equations. The mirror instability criterion in their model is the same as the nonrelativistic CGL MHD relation and is thus not suitable for ultrarelativistic plasmas. However, a set of energy equations can be derived from the linearized Vlasov equation for low-frequency waves and instabilities in homogeneous gyrotropic plasmas (Ferrière & André 2002) , but only within the framework of nonrelativistic fluid theory. In this paper, the characteristics of linear MHD waves and instabilities in relativistic anisotropic plasmas are thus examined by using the double-polytropic laws as the energy closure to the RAM equations. The advantage of our formulation is that the general dispersion relations for ultrarelativistic anisotropic MHD waves can conveniently be reduced to nonrelativistic and /or isotropic limits, and the results are not restricted to monatomic, adiabatic gases. Particular focus is on the RAM counterpart of the new results found recently for nonrelativistic anisotropic MHD waves and instabilities. For example, in the presence of pressure anisotropy, MHD slow-mode waves may exhibit anomalous behaviors such as positive density-magnetic field correlation, like for fast waves, and a phase speed faster than that of intermediate waves . Recently, Wang & Hau (2003) further found that the MHD slow waves may develop a new type of fire-hose instability, and their linear and nonlinear characteristics have great similarities to those obtained from kinetic theory and particle simulations (Hellinger & Matsumoto 2000) . In this study the properties of MHD waves and fire-hose and mirror instabilities are examined systematically within the framework of RAM, and the results are compared with those available based on kinetic theory. This paper is organized as follows. In x 2 the MHD equations for ultrarelativistic anisotropic plasmas are introduced, and the linear dispersion relations for three MHD wave modes are presented in x 3. Section 4 shows that the ultrarelativistic anisotropic dispersion relations can easily be reduced to the isotropic case. The anomalous behaviors of relativistic MHD waves are examined in x 5, and x 6 discusses the fire-hose and mirror instabilities. Section 7 contains the discussion and summary.
BASIC EQUATIONS
A comprehensive derivation of relativistic hydromagnetic equations from relativistic Vlasov theory can be found in Rossi & Olbert (1970) , which includes continuity and momentum equations in the form
is the Lorentz factor, with v i and c being the velocity component and light speed, respectively. The quantities K ik , G k , p ik , U int , , and c are the kinetic tensor, momentum density, pressure tensor, internal energy density, proper mass density, and charge density, respectively, while e is the energy density in the proper frame. For the closure of the relativistic gyrotropic MHD equations, the ultrarelativistic CGL laws derived by Tsikarishvili et al. (1992) and rewritten in the form of double-polytropic laws are adopted:
where B 0 is the magnetic field magnitude in the proper frame of the plasmas and ? and k are the double-polytropic exponents. For adiabatic cases, ? and k are simply the ratios of specific heats, i.e., ? ¼ g ? and k ¼ g k , with
for the nonrelativistic case and
for the ultrarelativistic case (Hau 2002) , in which f denotes the degrees of freedom of the particles. For monatomic gyrotropic ionized gas with f k ¼ 1, f ? ¼ 2, the ratios of specific heats are g k ¼ 3, g ? ¼ 2 and g u;k ¼ 2, g u;? ¼ 1:5, while for ( k ; ? ) ¼ (3; 2) and (2, 1.5), the double-polytropic laws are simply the nonrelativistic and ultrarelativistic CGL laws, respectively. Cases with polytropic exponents other than these values correspond to the nonadiabatic cases; for example, the isothermal condition is represented by ( k ; ? ) ¼ (1; 1). Note that although these energy laws were originally derived for nonrelativistic or ultrarelativistic limits, as pointed out by Synge (1957) and Anile (1989) the polytropic form of d( p À )=dt ¼ 0 with 4=3 5=3 can represent the general thermodynamic conditions for monatomic, adiabatic gases between the nonrelativistic and ultrarelativistic limits. For anisotropic magnetized plasmas, the double-polytropic laws with 2 k 3 and 1:5 ? 2 thus can suitably describe the thermodynamic state of monatomic, adiabatic, relativistic gases between the nonrelativistic and ultrarelativistic limits.
The electric and magnetic fields are subject to the Maxwell equations:
One more relation needed for the MHD closure is the frozenin-flux condition,
which applies for both nonrelativistic and relativistic cases, as shown in Appendix A.
DISPERSION RELATIONS
For the study of linear MHD waves in ultrarelativistic anisotropic plasmas, we assume that the background magnetic field and plasma are uniform and the perturbed fluid velocities are much smaller than the speed of light. Quasi neutrality is also assumed, so that the electrical force can be neglected in the momentum equation (2), and the Poisson equation (9) is thus not needed. The background magnetic field is taken to be on the x-z plane, and the wavevector is along the x-direction, i.e., k ¼ kx, forming an angle from B. Linearization of continuity and momentum equations leads to
while linearization of the double-polytropic laws gives rise to
The relationships between velocity and magnetic field perturbations are obtained from the linearized Faraday law together with the frozen-in-flux condition:
Note that B x ¼ 0 from equation (10) 
for the intermediate-mode waves (v 2 I ) and
for the fast-(plus sign) and slow-mode (minus sign) waves, v 2 F and v 2 S , respectively, with
where
The above dispersion relations in the nonrelativistic limit, i.e., c ! 1, become those derived by for double-polytropic MHD waves (see Appendix B), for which the double-adiabatic and double-isothermal monatomic cases
, respectively. Note that for nonrelativistic cases the dispersion relations do not actually depend on the ratios of specific heats, g ? and g k , but only on the polytropic values, ? and k . This result, however, does not hold for ultrarelativistic cases because of the equivalence of mass and energy in relativity theory. In particular, for the intermediate mode the phase speed then depends on the ratio of specific heats, via the internal energy density, although it does not rely on the polytropic values for its incompressible nature. For adiabatic and monatomic gas, the dispersion relations for ultrarelativistic, gyrotropic, linear MHD waves are obtained by setting ? ¼ g u;? ¼ 1:5 and k ¼ g u;k ¼ 2 in equations (23)-(30).
For parallel propagation, i.e., ¼ 0, the wave modes are simply of compressible sound waves and incompressible Alfvén waves, with phase speeds of
while for perpendicular propagation the only wave mode that can propagate is the magnetosonic wave with a phase speed of
Our dispersion relations for gyrotropic relativistic MHD waves are more general than the earlier results for which the standard adiabatic laws are employed for monatomic gas throughout the derivation. Although quantitative comparisons among various dispersion relations are not straightforward, it can be shown that the relation (23) for the intermediate mode becomes identical to that of Gebretsadkan & Kalra (2002) in the limit of (33) is in agreement with those obtained by Tsikarishvili & Rogava (1994) .
ISOTROPIC CASE
It is known that the linear MHD wave dispersions derived from the CGL MHD model do not become the corresponding isotropic relations in the limit of p k ¼ p ? , because p k and p ? evolve differently according to the individual CGL law as compared to d( p À )=dt ¼ 0 for the isotropic pressure. This inconvenience can be removed by using the double-polytropic laws as the energy closure; in particular, for nonrelativistic cases, i.e., c ! 1 in equations (23)-(30) or equations (A3)-(A6), the relations recover the isotropic dispersion relations for Hau & Lin 1995) . In the following, we show that this property is preserved for the relativistic case except for the definition of the internal energy. The corresponding dispersion relations can be derived from the relativistic isotropic MHD equations with d( p À )=dt ¼ 0 as the energy closure and U int ¼ p=(g À 1) as the internal energy density. The square of the phase speed is then
for the intermediate wave, while for the fast-and slow-mode waves the coefficients in equations (25)- (27) are simply
where the subscript ''is'' denotes the isotropic case. It can be shown that the expressions in equations (34)-(37) are in agreement with those of equations (23) and (25)- (27) 
. Note that again the ratios of specific heats are related to the particles' degree of freedom by g ¼ ( f þ 2)=f and g u ¼ ( f þ 1)=f for the nonrelativistic and ultrarelativistic cases, respectively. For monatomic gas, one can set ¼ g u ¼ 4=3 in equations (34)-(37) to obtain the isotropic , ultrarelativistic MHD dispersion relations in the adiabatic limit. The relations in equations (34)-(37) can further be reduced to the standard nonrelativistic isotropic case in the limit of c ! 1 (see Appendix B).
For parallel propagation, the relativistic sound and Alfvén waves have phase speeds of
The form of (C 0 S ) 2 can also be obtained by letting C A ! 0 in equations (35)- (37) for the hydrodynamic case, and it is identical to the form obtained by Lightman et al. (1975) . For the ultrarelativistic limit, i.e., p 3c 2 and ¼ g u ¼ 4=3, the sound speed becomes
, that is, the upper limit of sound speed shown by Landau & Lifshits (1959) . When the magnetic energy is much larger than p and c 2 , the phase speed of the Alfvén wave, C 
This result is due to the fact that the displacement current may modify the (C 0 S ) 2 term of the magnetosonic phase speed for perpendicular propagation. For parallel propagation, a pure sound wave without any magnetic field disturbance may still exist, as shown in equations (31) and (38) for the isotropic and anisotropic cases, respectively.
As for the anisotropic case, the relativistic intermediate wave in equation (34) depends on the sound speed, as well as g, via U int , but again it is independent of the polytropic value because of its incompressibility. It is easily seen that the phase speed of intermediate waves is smaller than in the classical case, without considering the relativistic effect. For isotropic relativistic MHD, it can be shown that the ordering of phase speeds for fast, slow, and intermediate waves remains the same as for nonrelativistic MHD, i.e., v F ! v I ! v S . As shown in Appendix C, the density-magnetic field correlation is also the same as for the nonrelativistic MHD case, i.e., B > 0 and B < 0 for fast and slow waves, respectively. For the isotropic case, p ¼ C 2 S ; therefore, the thermal and magnetic pressures are in phase and out of phase for fast-and slow-mode waves, respectively. The conventional view about the MHD slow wave is thus that the total pressure is approximately constant.
ANOMALOUS SLOW WAVES
For nonrelativistic gyrotropic MHD, it has been shown that for a certain parameter regime, slow waves may travel faster than intermediate waves and exhibit a positive densitymagnetic field phase relation such as for fast waves . These anomalies are due to the pressure anisotropy and thus may also occur for relativistic gyrotropic plasmas. By comparing the phase velocity relations in equations (23) and (24), the condition for a slow wave to have a larger phase speed than an intermediate wave is obtained as
For c ! 1, R 1 ¼ R 2 ¼ 1, the above criterion reduces to the nonrelativistic relation . Figure 1 shows an example of the phase diagram for three RAM modes, indicating that the phase speed of a slow wave is greater than that of the intermediate wave for all propagation angles, and its maximum speed occurs for an oblique propagation. Figure 2 shows the critical condition for phase speed inversion for both the isothermal and adiabatic cases. The solid and dashed curves denote two different values of B 2 = 0 c 2 , representing the effect of relativity. It is seen that the anomaly of a slow wave propagating faster than an intermediate wave may occur for cases of both p k > p ? and p k < p ? , while the relativistic effect may increase or decrease the parameter range for the occurrence of phase speed inversion.
The relation between density and magnetic field perturbations can be obtained by substituting equations (14) and (18)- (21) into equation (15):
Substituting equation (24) into equations (45) and (46), one obtains the density-magnetic field relationship for fast and slow waves. For fast-mode waves, corresponding to the plus sign in equation (24), it can be shown that both N and D are either positive or negative, so that N =D ! 0. Therefore, as in the isotropic MHD model, the correlation between B and for fast waves is always positive. For slow-mode waves, corresponding to the minus sign in equation (24), N is either negative or zero, so that the sign of the quantity B is determined by the sign of D, and the critical condition for a slow wave to have the anomalous behavior of B > 0 is thus D ¼ 0. Figure 3 shows the curves for D ¼ 0 as functions of p k =p ? and propagation angle, , for three -values, as well as for two different values of p k =c 2 , representing the relativity effect. It is seen that B > 0 for slow waves may occur for a pressure anisotropy of p k > p ? , as well as for p k < p ? , and the relativistic effect may again increase or decrease the parameter range for anomalous behavior. Examining equation (19) shows that the relation of B > 0 implies p ? B > 0, in contrast to the standard result for slow waves.
INSTABILITIES
One major characteristic in anisotropic homogenous plasmas is the development of fire-hose and mirror instabilities associated with large pressure anisotropies of p k =p ? > 1 and p ? =p k > 1, respectively. Inspecting equation (23) shows that the intermediate wave becomes unstable for k À ? > 2, which is the same criterion for nonrelativistic fire-hose instability, although the growth rate may be modified by the relativistic effect. It is also clear that for the same conditions, the growth rate is larger for monatomic gas than for diatomic gas. Relativistic fire-hose instability was examined by Yoon (1990) within the framework of kinetic Vlasov theory. For the lowfrequency and long-wavelength limit, the modified dispersion relation for a hydromagnetic Alfvén wave is
for which
A ; T ? and T k are the ''effective'' temperature; and E is the total energy. Writing the terms T ? =m, T k =m, and E=m as C 2 S? = ? , C 2 Sk = k , and e=, it can be shown that equation (47) is identical to equation (23) for the intermediate mode. In this form, the growth rate of the firehose instability is reduced by the relativistic effect and increased with decreasing wavelength. As pointed out by Yoon (1990) , the latter defect can be removed by considering higher order terms in the expansion of the resonant denominator in the kinetic dispersion relation.
It can be shown that the quantity inside the square root in equation (24) for fast-and slow-wave dispersion relations is positive, so that the fast-mode wave corresponding to the plus sign is always stable, while the slow wave may possibly become unstable. The criterion for mirror instability is usually obtained by taking the dispersion relation of the slow-mode wave in the limit of perpendicular propagation, i.e., ! 90 and cos ( À ) ' , the result being
Since the denominator in equation (48) is always positive, the criterion for mirror instability is k k < 2 ? =(2 þ ? ? ), the same as that for nonrelativistic MHD . For an adiabatic monatomic gas, the polytropic values are, however, different for the nonrelativistic and ultrarelativistic cases; in particular, the instability criteria are, respectively, k < 2 ? =6(1 þ ? ) and k < 2 ? =2(2 þ 1:5 ? ). A wellknown defect with the CGL MHD theory of mirror instability is that the instability criterion deviates by a factor of 6 from that based on kinetic theory, k < 2 ? =(1 þ ? ) (Hasegawa 1975, p. 94) . It can be seen that this difficulty can be removed by using the double-polytropic formulation; specifically, for polytropic values of k ¼ 1=2 and ? ¼ 2 the criterion recovers the nonrelativistic kinetic mirror condition. This implies that for mirror instability the adiabatic assumption is not applicable for parallel motion; in particular, the presence of heat flux may render the parallel CGL law, d( p k B 2 = 3 )=dt ¼ 0, invalid, while the perpendicular motion obeys the adiabatic law, d( p ? =B)=dt ¼ 0. It is natural to conjecture that the mirror criterion derived from ultrarelativistic double-adiabatic MHD, k < 2 ? =2(2 þ 1:5 ? ), also needs some modification. In particular, the parallel polytropic value may be less than 1 because of heat loss, while the perpendicular motion may still remain adiabatic, i.e., d( p ? =B 0:5 )=dt ¼ 0. Let us tentatively assume k ¼ 1=2 and ? ¼ 3=2; the mirror criterion for ultrarelativistic plasmas is then modified as k < 2 ? =(1 þ 3 ? =4). The correct form, however, needs to be derived from relativistic Vlasov theory.
The mirror instability criterion obtained from equation (48), however, is only a necessary condition; the sufficient condition needs to be derived from the dispersion relation of slow waves. The general condition for a slow-mode wave to become unstable is C < 0 in equation (24), which then leads to two conditions: mirror and a new type of fire-hose instability criteria. Since the expression for C is the same as for the nonrelativistic case, the criteria for mirror instability, as well as compressible fire-hose instability, are identical to those derived by Wang & Hau (2003) . In particular, the mirror instability criteria are k k < 2 ? =(2 þ ? ? ) and > c , where
and the fire-hose instability criteria are k À ? > 2 and < c . It can also be shown that the maximum growth rates of the classical and new fire-hose instabilities occur, respectively, at parallel and oblique propagations. Although the forms for both fire-hose and mirror instabilities are the same as those for nonrelativistic MHD, for the same parameter values of k and ? , the stability thresholds, as well as the critical angles, are not the same because of different polytropic values; specifically, c increases with decreasing k and ? values.
Equation (41) is the condition for slow waves to propagate faster than intermediate waves for a purely propagating situation. Since both intermediate and slow waves may develop a fire-hose ( p k =p ? > 1) instability, referred to as an incompressible fire hose and a compressible fire hose, respectively, as for nonrelativistic double-polytropic MHD, we can acquire the condition for a compressible fire hose to grow faster than an incompressible fire hose, the result being
as for the relation in equation (41) but with opposite sign. Note that for the nonrelativistic limit R 1 ¼ R 2 ¼ 1, the quantities on the left-and right-hand sides are simply the mirror and fire-hose criteria, respectively. As shown by Wang & Hau (2003), the necessary condition for both instabilities to occur, i.e., for both quantities to be positive, is ? k < 1. Only when this condition is met does there possibly exist a parameter regime for the compressible fire hose to grow faster than the intermediate fire hose. It is obvious that the requirement of ? k < 1 cannot be met for nonrelativistic CGL with ( k ; ? ) ¼ (3; 2) and ultrarelativistic CGL with ( k ; ? ) ¼ (2; 1:5). However, nonideal MHD effects and heat fluxes may easily lead to the condition of ? k < 1.
DISCUSSION AND SUMMARY
In this paper we have carried out a systematic study of the properties of linear MHD waves and instabilities in homogeneous relativistic plasmas with anisotropic pressures. Below we summarize the main results and discuss their astrophysical implications. As for nonrelativistic MHD, in the presence of pressure anisotropy slow waves may have a positive densitymagnetic field correlation, such as for fast waves. The phase relation between density and magnetic field perturbations is often used as a simple rule to distinguish the slow-mode waves or shocks from the fast-mode ones. For example, some spiral galaxies are found to have interlacing density and magnetic field arms shown by optical and radio emissions that are identified as slow-mode density waves by Fan & Lou (1996) and Lou et al. (1999) . In RAM, slow waves may also propagate faster than intermediate waves. This phase velocity inversion has an important implication for stellar or planetary magnetospheres interacting with galactic or stellar winds in that the ordering for shocks and discontinuities might be modified. Moreover, the properties of linear MHD waves form the physical basis of nonlinear, low-frequency wave phenomena. Very recently, Double et al. (2004) formulated the MHD jump conditions for oblique relativistic shocks with gyrotropic pressure and found that for ultrarelativistic shocks the jump conditions can be solved analytically. The results for relativistic linear MHD waves shown here will provide an important basis for the shock characteristics in strongly magnetized, high-temperature plasmas and may help interpret nonlinear RAM simulations involving shocks and discontinuities, such as the magnetic reconnection process.
Besides the classical fire-hose and mirror instabilities found in anisotropic homogeneous plasmas, we have identified a new type of compressible fire-hose instability that for a certain parameter regime may grow faster than an incompressible fire hose. The criterion and growth rate for the incompressible firehose instability associated with the intermediate wave are found to be in agreement with those derived from linear relativistic Vlasov theory. The expressions for compressible firehose and mirror instabilities within the framework of RAM theory are, however, first proposed in this study. In particular, we have derived an ultrarelativistic CGL version of the mirror stability criteria and have pointed out the possible modifications to the conditions due to the kinetic effect. Although, both the nonrelativistic mirror instability and the new type of fire-hose instability have already been identified in Vlasov theory (Hasegawa 1975, p. 94; Hellinger & Matsumoto 2000; Wang & Hau 2003) , their existence has not yet been confirmed within the framework of a relativistic kinetic model. The results obtained from fluid theory may serve as a useful reference for the identification of their counterpart in Vlasov theory. Both fire-hose and mirror instabilities may have profound applications in astrophysical plasma systems. For example, the relativistic fire-hose instability is believed to play an important role in the electromagnetic emission of plasma jets ejected from active galaxies (Baker et al. 1988 ). Hall (1980) suggested that large-scale turbulence in the interstellar medium may cause the pressure anisotropy and mirror instability that are responsible for small-scale density fluctuations. The firehose instability is a possibility but is excluded in the model because of its incompressibility. Our study shows that both incompressible and compressible fire-hose instabilities could exist in gyrotropic plasmas and thus may still be candidates for causing density perturbations in the interstellar medium. This research was supported by the National Science Council of the Republic of China under grant NSC92-2111-M-008-012 to National Central University. The authors thank Mike Cai for helpful conversation on relativistic MHD theory.
APPENDIX A
The Lorentz transformation of the electric field is
With the assumption of a perfect conductor, E 0 ¼ 0, equation (A2) then yields E ¼ À Ã v < B 0 . The condition E þ v < B ¼ 0 can further be deduced from equation (A1), i.e., the form of the frozen-in-flux condition used in classical MHD theory remains the same for a relativistic plasma.
APPENDIX B
The dispersion relations for nonrelativistic gyrotropic MHD waves can be obtained by taking c ! 1 in equations (23) 
